A numerical two-dimensional non-stationary model is developed to study the initiation of new explosive center beneath the plasma of a vacuum arc cathode spot.
INTRODUCTION
Notwithstanding the fact that both the spark and the arc stage of vacuum discharges have been in wide practical use for many years, interest in developing theoretical ideas of the physical phenomena responsible for the operation of this type of discharge is being quickened. In common opinion, the most important and active region in a vacuum discharge is the cathode region. It is our belief that the most consistent and comprehensive model of a cathode spot is the ecton model [1] . It is based on the recognition of the fundamental role of the microexplosions of cathode regions that give rise to explosive electron emission on a short time scale. The birth of such an explosive center -an ecton -is accompanied by the destruction of a cathode surface region, where a crater is then formed, the appearance of plasma in the electrode gap, and the formation of liquid-metal jets and droplets. An ecton, being an individual cell of a cathode spot, has a comparatively short lifetime (several tens of nanoseconds) [1] . Therefore, an important issue in this theory is the appearance of new (secondary) explosive centers that would provide for the self-sustaining of a vacuum discharge. According to [1] , the most probable reason for the appearance of a new explosive center immediately in the zone of operation or in the vicinity of the previous one is the interaction of a dense plasma with the microprotrusions present on the cathode surface or with the liquid-metal jets ejected from the crater. These surface microprotrusions can be characterized by a parameter j β which is equal to the ratio of the microprotrusion surface area to its base area and defines the current density enhancement
factor. An investigation [1] of the development of the explosion of such microprotrusions in terms of the effect of enhancement of the current density of the ions moving from the plasma to the cathode and in view of the Joule mechanism of energy absorption has resulted in the conclusion that for an explosion to occur within 10 -9 s, it is necessary to have microprotrusions with at the ion current density ∼10
This work is an extension of the mentioned model and describes the formation of secondary ectons upon the interaction of a dense plasma with cathode surface microprotrusions.
In the general case, the charge particle flow that closes onto a microprotrusion consists of three components: an ion flow and an electron flow from the plasma and a flow of emission electrons. Each of these flows carries both an electric charge and an energy flux, forming a space charge zone at short distances from the cathode surface and giving rise to an electric field E c at the cathode. In [2] the initiation of a cathode spot was investigated for the ion current j i and the electric field at the cathode E c specified arbitrarily from a "black box" and with an artificially created spatially homogeneous "plasma focus" of radius 10 µm on a plane cathode.
It has been shown that the cathode heating by incident ions and the enhancement of the electric field E c by the ion space charge reduce the critical field at which the process of thermal runaway and overheating below the surface starts developing. It should however be noted that the least times of cathode spot initiation obtained in [2] are longer than 1µs. On the other hand, according to the ecton model of a cathode spot [1] and to the experimental data ( see, for example [3] ), the cathode spot phenomena have an essentially nonstationary and cyclic character with the characteristic time scale ranging between 10 -9 and 10 -8 s.
Thus the goal of this work is to investigate the formation of secondary explosive centers upon the interaction of the plasma of a vacuum arc cathode spot with cathode surface microprotrusions. Figure 1 presents the model geometry of the problem. The shape of the microprotrusion surface is specified by the Gauss function , where h is the height of the microprotrusion, d specifies the base radius r
2.DESCRIPTION OF THE MODEL

The problem statement and task geometry
m that is determined for z=0.1h. We shall further characterize the geometry of a microprotrusion by a current density enhancement factor , where S is the surface area of the microprotrusion. In terms of this model, we assume that over the cathode surface there is a cathode spot plasma with an ion density n and, according to [4] , they depend on the distance from the active explosive center. In view of the fact that the width of the space charge layer is much smaller than the characteristic dimensions of the microprotrusion, the layer parameters are considered in a one-dimensional (local) approximation.
The temperature field
The temperature field in the cathode is calculated with the heat conduction equation:
where is the specific heat at constant pressure, p c λ is the thermal conductivity, ρ is the mass density,σ is the electric conductivity, j is the current density in the cathode. The parameters p c , λ and σ are considered as function of temperature T
. The boundary condition for equation (1) is given by the resulting heat flux at the cathode surface:
where is the sum of the Nottingham effect and ion impact heating (evaporation cooling does not noticeably affect the final results). The other boundary conditions are 
The Joule heating
The Ohm's electric field U and current density j ∇ − = σ in the cathode is determined through the continuity equation:
with boundary condition at the cathode surface:
Here is the total current density at the cathode surface, is the electron emission current density and is the current density of the ions moving from the plasma to the cathode. The other boundary conditions are
The plasma-surface interaction
To calculate , it is assumed that the ions are treated as monoenergetic particles, entering the sheath edge with Bohm's velocity and all ions recombine at the cathode surface. Then the expression for can be written in the form:
where Z is the mean ion charge, m is the ion mass. The power density input into the cathode surface from ion impact heating [5] To calculate the electric field at the cathode, the Mackeown-like equation is used, taking into account the electron flow from the spot plasma to the cathode: where T S is the cathode surface temperature.
RESULTS
Computations were performed for a copper cathode with the following arc parameters: V =16V, =18 eV, Z=2. For the initial conditions of the problem, the characteristics of the plasma (n c i eV i ,,
T e ) at the sheath edge and the microprotrusion geometry (h, d) were specified. The computations were performed for a set of geometrical parameters of the microprotrusions, which are submitted in the 
⋅
The computation is performed until the maximum temperature in the protrusion reaches a critical temperature T cr . =8390 K As this happens, the model becomes inoperative, and the process goes to the explosive phase of the development of an ecton. Figure 2 gives the results of computation for the temperature field and the spatial distribution of the current density modulus. The simulation has shown that the heating of a microprotrusion can be subdivided by convention into two stages. At the first stage (see Fig. 2 a) ), where the cathode is still comparatively cold, the surface heating due to ion impact prevails. In this case, the microprotrusion behaves as if it were a collecting thermal lens. The Joule heating at this stage was inessential . As the temperature reaches ∼3500÷4000 К, the emission current density increases substantially and intense surface cooling begins, and this can be associated with the onset of the second stage of heating (see Fig. 2 b) ). At this point, the current density maximum is in the bulk of the microprotrusion and, hence, this is the region where intense Joule heat release begins. This region is responsible for the maximum temperature in the cathode at any subsequent point in time (see Fig. 2 c) ). Then the maximum surface temperature shifting toward the protrusion base. The current density maximum also tends to move to this region since the current "makes attempts" to bypass the high-temperature region. After a time, this surface region has the highest surface temperature and emission current density. However, the most intense heat release occurs, as earlier, in the microprotrusion bulk, and thus a highly overheated region is formed which is surrounded by a not so hot surface. Figure 3 presents the time dependence of the temperature being a maximum throughout the microprotrusion and for the surface temperature that underlie the character of the above process of the heating of a microprotrusion. The results of the computations performed are combined in Fig. 5 and Table 1 where the explosion delay time t d (heating time from 300 K to T cr ) is presented as a function of the microprotrusion geometry for a varied plasma density (ion current density).
It should be stressed that there is a range of comparatively small values of j β where the given mechanism of the formation of secondary ectons can ensure the birth of new cathode spot cells upon the interaction of the plasma generated by active cells with cathode surface microprotrusions.
CONCLUSION
A two-dimensional nonstationary model of the initiation of new explosive centers beneath the plasma of a vacuum arc cathode spot has been developed. In terms of this model, the plasma density and electron temperature that determine the ion current from the plasma to the microprotrusion and the microprotrusion geometry were treated as the external parameters of the problem. The process of heating of a cathode surface microprotrusion, for which both a surface irregularity resulting from the development of a preceding crater and the edge of an active crater, which may be a liquid-metal jet, can be considered, has been simulated numerically.
Based on the computation results, one can make the following conclusions:
(i) The heating of a microprotrusion gives rise to a strongly overheated region in the protrusion bulk. Hence, an expansion of such a microregion of the cathode, being in an extreme state, should be explosive in character.
(ii) Taking into account the ion impact heating and the electric field of the space charge layer near the cathode surface ensure the "triggering" heat flux power necessary for the development of the Joule heating of the microprotrusion followed by it explosion at reasonable values of the ion current (j i <10 7 A⋅cm -2 and of the geometric parameters of the microprotrusion ( j β < 10).
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